Rectification of microwave radiation by asymmetric ballistic dot is studied at different frequencies (1-40 GHz), temperatures, and magnetic fields. Dramatic reduction of the rectification is found in magnetic fields at which the cyclotron radius of electron orbits at the Fermi level is less than the size of the dot. With respect to the magnetic field, both symmetric and antisymmetric contributions to the rectification are presented. The symmetric part changes significantly with microwave frequency ! at ! f 1, where f is the time of the ballistic electron flight across the dot. The results lead consistently towards the ballistic origin of the effect, and can be explained by strongly nonlocal electron response to the microwave electric field, which affects both speed and direction of the electron motion inside the dot. DOI: 10.1103/PhysRevLett.97.226807 PACS numbers: 73.23.Ad, 73.40.Ei, 75.47.Jn Nonlinear directed transport in mesoscopic objects is the subject of considerable fundamental interest because of potential applications in nanoelectronics. At high frequency, the unavoidable breaking of the inverse symmetry of small quantum systems by an impurity potential is reflected in photovoltaic effects [1] [2] [3] [4] [5] . More recently, various competing mechanisms of the rectification in quantum dots have been proposed [6 -9] and found experimentally [10] . Most efforts have been focused on the nonlinear properties of mesoscopic objects in the regime, where the electron transport is governed by quantum interference. In this Letter we study nonlinear electron transport in a different regime, where classical ballistic trajectories appear to provide the dominant contribution to rectification. In magnetic fields we have observed a gigantic reduction of directed electron transport through a ballistic dot with a lateral size d 1, significantly smaller than the mean free path l p 8 of the electrons in adjoining 2D layers.
Nonlinear directed transport in mesoscopic objects is the subject of considerable fundamental interest because of potential applications in nanoelectronics. At high frequency, the unavoidable breaking of the inverse symmetry of small quantum systems by an impurity potential is reflected in photovoltaic effects [1] [2] [3] [4] [5] . More recently, various competing mechanisms of the rectification in quantum dots have been proposed [6 -9] and found experimentally [10] . Most efforts have been focused on the nonlinear properties of mesoscopic objects in the regime, where the electron transport is governed by quantum interference. In this Letter we study nonlinear electron transport in a different regime, where classical ballistic trajectories appear to provide the dominant contribution to rectification. In magnetic fields we have observed a gigantic reduction of directed electron transport through a ballistic dot with a lateral size d 1, significantly smaller than the mean free path l p 8 of the electrons in adjoining 2D layers.
The dot is fabricated from high mobility GaAs=AlGaAs heterostructures using electron beam lithography and consecutive plasma etching. The electron density n and mobility of the 2DEG are n 3:08 10 11 cm ÿ2 and 0:91 10 6 cm 2 =V s. A schematic view of the sample is presented in Fig. 1 . The dot is restricted by boundaries of three insulating disks of diameter 5 etched inside the 2D conducting layer [see Fig. 1(b) ]. Three narrow leads (left, right, and top conducting channels) with a width approximately 0:3, formed by the discs, provide electrical connections between the dot and three electrically isolated macroscopic 2D electron systems. In order to change the dot resistance a semitransparent metal gate is placed on top of the structure at a distance 86 nm above the 2D electron gas [11] .
Measurements are done in a vacuum chamber of He-3 insert at a temperature 0.3-6 K and a magnetic field up to 2 T. Microwave radiation (1-40 GHz) is applied through a semirigid coaxial cable terminated by a parallel two-wire line. The line is placed at 3-5 mm above the sample. The electric field of microwaves is oriented along an edge of the sample as shown in Fig. 1(a) . The resistance of the dot (and the 2D electron systems) is determined by standard 4-points method at frequency 10 Hz in the linear regime. The rectified voltage is measured using high impedance digital multimeters.
Linear properties of the dot are shown in Figs. 1(c) and 1(d). Figure 1(c) illustrates the dependence of the dot conductance on the top gate voltage at different currentvoltage configurations. The data in Fig. 1(c) show that there is good conductance through the horizontal leads ( 5d;34 ), while the conductance sd;23 through the vertical contact with slightly less width is small, especially at low gate voltages V g ÿ0:08 V. At low gate voltages the conductance sd;23 demonstrates an activated dependence on temperature indicating the lack of conducting channels in the vertical lead. The conductance 5d;34 ÿ0:08 V 3e 2 =h through the horizontal channels remains roughly the same between T 1 and 6 K. At lower temperatures the gate voltage causes reproducible conductance oscillations reported earlier [12] . The magnetic field dependence of the conductance sd;23 is shown in Fig. 1(d) . Conductance increases by a factor 1.5 to 2 in the magnetic field up to 2 T and displays quasiperiodic oscillations observed in ballistic dots [12, 13] .
Rectification of microwave radiation by the quantum dot is shown in Fig. 2(a) . The rectified voltage V 2-3 is measured between contacts 2 and 3 [see Fig. 1(a) ]. One of the main properties of rectification is a very strong dependence on the magnetic field. The reduction of rectification by 2 orders of magnitude is observed in the magnetic field H > 0:5 T at the dot conductance G sd;23 below e 2 =h. This decrease is much stronger than variations of the dot conductance G sd;23 with the magnetic field [see We estimate a scale of magnetic fields essential for rectification by measuring the width W of the first curve in Fig. 2 (a) at half maximum (marked by a horizontal line in the figure). The half-width W=2 0:088 T is close to field H 0:085 T at which the cyclotron radius r H of electrons at the Fermi level is equal to the dot size d. Thus, the directed transport is reduced by half of its zero field efficiency at the magnetic field corresponding to the condition r H d. This is strong evidence for a ballistic origin of the microwave rectification. Figure 3 presents an evolution of the magnetic field dependence of the rectification with the microwave frequency. The component symmetric (antisymmetric) with respect to magnetic field is shown in the left (right) panel. While the antisymmetric part of the directed transport is quite similar for different frequencies, the symmetric component shows a significant change in the magnetic field dependence for microwave frequencies above 10 GHz. An additional structure occurs at the microwave frequencies above 10 -15 GHz, changing the direction of the rectified 2006 transport at zero magnetic field. The physical parameters relevant to the temporal behavior of the quantum dot are level spacing: 2@ 2 =m A 28 mK, bulk momentum relaxation time: p 34 ps and time of ballistic electron flight across the dot f 2d=V F 10 (ps). Thus, Fig. 3 reveals that, if the microwave period 1=! is comparable or shorter than the time of ballistic electron flight f : ! f 1, then significant changes of the directed transport through the dot occurs. Again, it points towards the ballistic origin of rectification.
At zero magnetic field the rectified voltage increases by 10%-20% with the temperature decrease from 6 K down to 1 K at sd;23 e 2 =h. The weak temperature dependence is in agreement with the ballistic origin of rectification.
Below we discuss the mechanisms of rectification. One of the simplest mechanisms is related to the modulation of dot conductance induced by microwave oscillations of the gate voltage V g . During the first half of the microwave period, when the dot conductance is big, the microwave current through the dot is stronger than the current during the second half of the period, when the dot conductance is small. At small modulations the net direct current (average over the microwave period) is proportional to the first derivative of the dot conductance to the gate voltage Fig. 2(d) ] is quite efficient at V g ÿ0:08 V and ÿ0:073 V at which the conductance [ Fig. 2(b) ] shows a plateaulike behavior and the gate modulation of the dot conductance is negligibly small [ Fig. 2(c)] . Moreover, the strong reduction of rectification by the magnetic field in Fig. 2(d) is in apparent contradiction with a very small (almost unrecognizable) effect of the magnetic field on the logarithmic derivative in Fig. 2(c) . Thus, experiments indicate that microwave modulation of the dot conductance is not the main mechanism of dot rectification [15] .
Below we suggest a different mechanism of rectification. Figure 2 demonstrates that electron trajectories with a length l, which is no shorter than the dot size d (l d), provide the main contribution to the rectification. Shorter trajectories with l < d, which are changed considerably by stronger magnetic field (H > 0:088 T), do not provide any significant contribution to the rectification: V rect H > 0:088T 0. On the other hand, Fig. 3 demonstrates that trajectories, which are not much longer than the size of the dot, are important. To understand it, we consider an electron with Fermi velocity v F propagating along a trajectory with length l during time t p l=v F . If microwaves with low frequency !t p 1 are applied, the electron sees a quasistationary electric field. At high frequency !t p 1, the electric field oscillates during time t p , and as a result the accumulative effect of the high frequency field on electron motion is significantly different from the low frequency case. The crossover from one regime to another occurs at frequency ! cr t p 1. In the experiment the crossover occurs at frequency ! cr =2 10-15 GHz [t p 1=! cr 10-15 (ps)], indicating, that the trajectories with length l 2d-3d are essential for microwave rectification. Thus the data in Figs. 2 and 3 demonstrate that electron trajectories with lengths comparable with the dot size l d are most effective for rectification. We refer to it below as effective trajectories (electrons).
Let us consider an equilateral triangular dot with three conducting leads placed at its corners: top, left, and right, and with a microwave electric fieldẼ ! r applied across the dot. The microwaves create a voltage V ! between left and right leads. Because of the long mean free path l p d, the linear response to the electric field E ! is nonlocal: the electric current Ir at a position r inside the dot is determined by all electron trajectories coming to this point r, which have been exposed by the microwave electric field Er 0 at a different point r 0 inside the dot. Most likely the direction of an electron motion along a particular trajectorỹ xt at the point r is different from the direction of the electric fieldẼ ! r at the same point r. For each electron trajectoryxt the electric fieldẼ ! r can be decomposed on normal E ? r and tangential E k r to the trajectory components.
The tangential component E k r changes the energy (speed) of the effective electrons p F v l;r R eE k x dx l;r V ! , where p F is the Fermi momentum, is a constant, and v l;r is the change of the speed of the effective electrons ejected from the left (right) lead. The sign ''ÿ'' corresponding to the velocity v l v r is a result of dot symmetry. The normal component E ? x changes the direction of the velocity of the effective electrons and, as a result, bends the effective trajectories x l;r t. The ejection of electrons from the hornlike leads [see Fig. 1(a) ] is substantially anisotropic and, therefore, the bending changes the density n l (n r ) of the effective electrons coming from the left (right) channel to the top lead. At a small bending the change of the density n l;r is proportional to the amplitude of the microwave electric field: n l;r V ! , where is a constant. The sign ''ÿ'' corresponding to the density n l n r is a result of the dot symmetry.
The rectified current through the top lead is found to be
An important property of the proposed mechanism is a natural sensitivity of the directed transport to the magnetic field. A strong magnetic field (H > 0:085 T) affects substantially the effective trajectories with l d, forcing the effective electrons to perform a cyclotronlike, circular motion inside the dot. It should reduce significantly the electron flux transported by the effective trajectories between the leads. Another important outcome from the suggested picture is a natural sensitivity of the rectification to the microwave frequency. At high microwave frequency (! f 1) the rectification should be less effective, because of a significant decrease of speed variations of the effective electrons: v R eE k x; tdx 1=! f as well as due to a reduction of the electron bending in the high frequency microwave field. Observable changes of rectification should be detectable at ! f 1, corresponding to the experiment (see Fig. 3 ) [16] .
In conclusion, an unexpected gigantic reduction of directed electron transport through a ballistic dot under microwave radiation is observed in the magnetic field, at which the cyclotron radius of electrons at Fermi level r H is smaller than the lateral size of the dot d: r H d. The effect exists in a broad range of the dot conductances and depends weakly on temperature. Rectification varies significantly with microwave frequency ! above 10 -15 GHz, at which the period of microwave oscillations is comparable with time f of the ballistic flight through the dot. A ballistic model of the directed transport is proposed.
